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Abstract 
In this study, alternate layers of Al and Cu were diffusion bonded to obtain a Metal Intermetallic Laminate (MIL). Intermetallic 
compounds form at the Al/Cu interface due to in-situ reactions between the metals. The type of compounds formed, their 
individual mechanical properties and the strength of the interface play a central role in determining the mechanical response of 
these laminates. In this context, we have characterized the Al/Cu interface and the interfacial intermetallics by means of SEM-
based microstructural studies, X-ray diffraction and cross-sectional nanoindentation studies. Microstructural characterization, 
composition profiles and X-ray diffraction reveal the formation of three intermetallic phases at the interface. Furthermore, 
nanoindentation studies suggest that the intermetallic phases are not only stiff and hard, but are also well-bound to the abutting 
metal layers. This suggests the possibility of enhanced mechanical properties for the laminate. 
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1. Introduction 
Metal Intermetallic Laminates (MIL) are layered materials consisting of alternating films of a tough and ductile 
metal and a stiff and hard intermetallic. The resulting laminate has a good combination of toughness, strength and 
lightweight, and has potential structural applications including as armor materials. These MILs are fabricated via a 
variety of techniques, which commonly involve arranging alternating layers of two dissimilar metals and processing 
them at elevated temperatures. Diffusion bonding is one such high temperature process where the layers are bonded 
to each other under stress. During high temperature processing, metals react to form intermetallic compound(s) at 
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the metal-metal interface (Abbasi, Karimi Taheri, and Salehi 2001; Durejko et al. 2011; Glatz and Clemens 1997). 
The reaction is controlled such that the desired fractions of intermetallic and reactant metal (or metals) are obtained. 
The other methods of generating the laminate include accumulative roll bonding, explosive welding, reactive 
sintering and deposition techniques (Peng et al. 2000; Berski, Stradomski, and Dyja 2007; Harach and Vecchio 
2001; Hadraba et al. 2012). Diffusion bonding (DB) and roll bonding has been found to be particularly effective in 
achieving good control of thickness of the intermetallic layer (Bewlay, Lewandowksi, and Jackson 1997). 
Several MIL systems have been studied in the past few decades. Some of the commonly explored MILs systems 
include: Al/Al3Ti/Ti, Ti/Al3Ti/Ti, Ni/Ni3Al/, NiAl/Ni and Ni/Ni2Al3-NiAl3/Ni. In this present study, we have 
examined the MILs systems formed by diffusion bonding Al/Cu layers. Studies on this MIL system are limited 
when compared to the aforementioned systems. Prior work on this system has focused on growth behavior of the 
intermetallic compounds, deformation behavior in uniaxial tension and on addressing formability issues (Cao and 
Evans 1991; Guo et al. 2010). This system is interesting because both Al and Cu are highly ductile metals and are 
amenable to a variety of strengthening mechanisms. Moreover, the Al-Cu phase diagram is rich with intermetallic 
compounds. By controlling temperature and time during diffusion bonding it is possible to obtain different types and 
amounts of intermetallic compounds at the Al/Cu interface. It has been previously shown that the presence of the 
intermetallic in post-reacted MILs results in higher strength than the unreacted layered base metals (Hodge et al. 
2008). Clearly, the type and amount of intermetallic present, as well as the bond strength of the intermetallic/metal 
interface, are result in the enhancement of mechanical response of these MILs. However, these aspects have not 
been addressed thoroughly in existing literature. 
In this context, we have conducted a detailed microstructural study of the Al/Cu interface to probe the amount 
and type of intermetallic compounds that form in this system in three MILs processed by diffusion bonding. 
Scanning Electron Microscopy (SEM) and Energy Dispersions Spectroscopy (EDS), in conjunction with X-ray 
diffraction was used to identify and quantify the phases. Additionally, the mechanical properties of the individual 
intermetallic compounds in this system were probed by means of cross-section nanoindentation across the various 
layers.  
2. Experimental Procedure 
2.1. Fabrication of MILs 
20 mm diameter and 0.5 mm thick discs of commercially pure Al and Cu were the starting materials for the 
fabrication of MILs. These discs were dipped in 3% HF, 15% HNO3 and H2O (bal.) to remove oxide layers on the 
surface. After chemical treatment, the discs were rinsed in alcohol and dried. Ten Al and Cu discs were alternately 
stacked one and top of the other and placed in a vacuum furnace and bonded under a dead weight. Figure 1 
illustrates the schematic diagram of the diffusion bonding setup. The processing parameters were optimized by trial 
and error such that a continuous intermetallic layer without any pores was achieved and the various layers of the 
MIL are well bonded. Three different processing parameters were used in this study as can be seen from Table 1. 
The three MILs thus generated have been indicated as MIL-A, MIL-B, and MIL-C. 
2.2. Microstructural Characterization and Phase Identification 
The cross section of the sample was cut using electro-discharge machining (EDM). Specimens were ground with 
a series of ever-finer emery papers and involving standard metallographic techniques. Final polishing was done 
using a 0.03Pm diamond paste. The sample was cleaned using soap water followed by water and alcohol. 
Microstructural examination was then carried out on a FEI Quanta 200 Scanning Electron Microscope (SEM). The 
thickness of the intermetallic phases was quantified using line profiles on Back-Scattered Electron (BSE) images.  
Electron Probe Microanalysis (EPMA) (probe size of 1 μm), employing Wavelength Dispersive Spectroscopy 
(WDS) was performed on a JEOL-8530 SEM with a field emission source. X-ray diffraction (XRD) were done using 
on a Philips X’Pert PRO analytical diffractometer with Cu Kα (1.5406 Å) as source for phase identification. 
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Fig. 1. Schematic of diffusion bonding setup. 
2.3. Nanoindentation 
The mechanical properties of the individual phases in the MIL were characterized via nanoindentation using a 
Hysitron TI 900 Triboindenter. All tests were conducted at room temperature. Cross-sectional samples of MIL-C 
were polished and prepared for indentation. Indentation measurements were carried out using a three-side pyramidal 
Berkovich diamond indenter. Prior to the actual test, the indenter was loaded and unloaded thrice to ensure proper 
contact of indenter to the cross-sectional surface. During the actual indentation, the indenter was loaded at a strain 
rate of 0.05 s-1 to a maximum load of 10μN. The indenter was then withdrawn at the same rate without holding for 
any period of time.  
Indentations were taken across the various layers in a line profile. To avoid interference between the indents and 
to increase the number of indents in each phase, the line profile was done at a shallow angle of inclination to the 
layers. 5 such line profiles were taken across the layers. The Oliver and Pharr (Oliver and Pharr 2004) method was 
used to determine hardness and Young’s modulus from the load–penetration results. Appropriate thermal drift 
corrections were automatically applied to the load-penetration curves.   
3. Results and discussion 
3.1. Microstructural Characterization and Phase Identification 
Fig. 2a shows the cross-sectional BSE image of MIL-C. Alternating bright and dark regions are indicative of the 
Al and Cu layers. The higher magnification image shown in Fig. 2b reveals three phases (indicated as (1), (2) and 
(3)) sandwiched between Al and Cu; this conclusion may be drawn on the basis of relative contrast which, in turn, is 
related to the relative level of Cu and Al in the intermetallic phases. These results are consistent with what has been 
previously reported (Abbasi, Karimi Taheri, and Salehi 2001; Eizadjou et al. 2008; Guo et al. 2010). The 
intermetallic layer thickness was found to be uniform throughout the cross-section in each MIL. No cracks were 
present either within the intermetallic layers or at the interface. From a series of BSE images across the cross 
section, and by performing line profile analysis using ImageJ software, the thickness (O) and volume fractions (Vf) 
of the various phases were quantified for the three MILs. These results are also shown in Table 1. In all three MILs, 
intermetallic (1) has the highest volume fraction of the three intermetallic compounds. 
It is clearly seen that an increase in the time or temperature of the processing results in a thickening of the total 
intermetallic layer. It is interesting to note that on going from MIL-A to MIL-B, the volume fraction and thickness 
of intermetallic (3) decreases despite the higher processing temperature. However, intermetallics (2) and (3) increase 
in thickness and volume fraction. This is clearly seen by examining the relative fraction (Vf, rel) of the intermetallic 
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compounds within the intermetallic layer. This is mathematically given as thickness a specific intermetallic 
compound divided by the total thickness of the intermetallic layer comprising of all three compounds. Processing at 
higher temperatures appears to aid the formation of intermetallic (2) at the expense of intermetallic (1), while 
intermetallic (3) is not significantly affected. MIL-B and MIL-C were processed at the same temperature, but with 
the latter MIL processed for longer times. This results in the thickening of all the intermetallic layers. The relative 
fractions of the three intermetallic compounds is approximately the same for MIL-B and MIL-C. This suggests that 
processing temperature has two effects: first, it determines which intermetallic phases form and their relative volume 
fraction within the intermetallic layer, and second, it determines the layer growth kinetics. In contrast, processing 
time appears to control only the layer growth kinetics and not the relative fractions of the intermetallic compounds. 
Fig. 2: (a) BSE image of MIL-C indicating the various layers, (b) A higher magnification image showing the three intermetallic phases between 
Al and Cu 
 
Table 1. Thickness (O), volume fraction (Vf), relative volume fraction (Vf, rel) within the intermetallic, 
composition and phase identification of the individual layers in the three MILs 
 
Conditions 
Al Intermetallic (3) Intermetallic (2) Intermetallic (1) Cu 
O(Pm) Vf O(Pm) Vf (Vf, rel) O(Pm) 
Vf 
(Vf, rel) O(Pm) 
Vf 
(Vf, rel) O(Pm) Vf 
MIL-A 
(12MPa, 450oC, 90min) 485 0.485 6.36 
0.006 
(0.33) 2.40 
0.002 
(0.11) 10.15 
0.010 
(0.56) 496 0.496 
MIL-B 
(12MPa, 475oC, 90min) 505 0.486 4.66 
0.004 
(0.19) 5.56 
0.005 
(0.24) 12.63 
0.012 
(0.57) 512 0.492 
MIL-C 
(12MPa, 475oC,120min) 475 0.485 7.06 
0.007 
(0.21) 8.83 
0.009 
(0.27) 17.12 
0.017 
(0.52) 471 0.481 
Composition range 
(from EPMA)  33-35% Cu 50-60% Cu 60-71% Cu  
Phase identification 
(from XRD)  T K J  
Stoichiometric  phase 
composition  Al2Cu (33.3%Cu) AlCu (50%Cu) Al4Cu9 (69.2%Cu)  
 
To quantify the composition of the phases more accurately, WDS analysis was done in the EPMA. Line profiles 
of composition were measured across the various layers. Figure 3 shows the Al and Cu composition profile in MIL. 
The presence of the three phases is clear from these profiles. In Table 1 are also tabulated the range of composition 
range for each intermetallic layer. 
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While the composition profile provides hints at the identity of the phases, positive identification of the phases 
required X-ray diffraction. An X-ray diffraction pattern from MIL-C is shown in Fig 3(b). From this it can be 
concluded that the three intermetallic phases are T (stoichiometric composition: Al2Cu), K2 (stoichiometric 
composition: AlCu) and γ2 (stoichiometric composition: Al4Cu9). These phases have been reported previously in 
XRD studies on Al/Cu laminates (Guo et al. 2010). Additionally, the chemical compositions of these compounds 
measured by EPMA closely bound the stoichiometric composition (See Table 1).  
Fig. 3. (a) Composition profile across the Al/Cu interdiffusion region in MIL-C. (b). XRD pattern of MIL-C 
 
3.2 Nanoindentation studies 
Typical load-penetration curves for the three intermetallic phases and the two metallic phases in the cross 
section of MIL-C is shown in Fig. 4 (a). It is observed that the unloading curve does not trace the loading curve for 
the ductile phases, Al and Cu. This is related to several pop-in events in these phases resulting in plastic deformation 
under the indenter. In contrast, the unloading curves do not deviate significantly from the loading curves in the case 
of the intermetallic phases. This suggests that there are very few pop-in events and little plastic deformation in the 
intermetallic phases. This is expected, given the high stiffness and brittleness of the intermetallic compounds. These 
results are consistent with tensile tests on monolithic intermetallics of T, K2 and γ2 which also reveal that these 
intermetallics are brittle (Rabkin et al. 1970). That said, it must be noted that the unloading curve does not perfectly 
trace back the loading curve. This suggests that either limited amount of plastic deformation or (more likely) 
cracking in the intermetallic resulting in irrecoverable strain. 
       Figure 4 (b) shows the variation of hardness and Young’s modulus on going across the various layers in the 
MIL The measured modulus values of the Al and Cu are 77 GPa and 105 GPa respectively. In contrast, the 
intermetallic phases have a high Young’s modulus: Al4Cu9 (150 GPa), AlCu (130 GPa) and Al2Cu (135 GPa). The 
hardness values follow similar trends with the Al4Cu9 phase having the highest hardness of 1.5 GPa. These results 
are consistent with the classic work by Rabkin et al where he experimentally calculated the hardness of the 
intermetallics in the Al/Cu system. (Rabkin et al. 1970). It is to be noted that there are errors in the measurement of 
the hardness and modulus of the AlCu phase given its small thickness. Additionally, the hardness and modulus 
values derived from indents close to the metal/intermetallic interface are expected to be erroneous since it will 
incorporate the effects of both the brittle intermetallic and the ductile metal phases. No interfacial cracking was 
observed in the vicinity of the indents at the intermetallic/metal interface and this suggests that these interfaces are 
strongly bound. 
       Using these results in conjunction with the measurement of volume fractions of the individual intermetallic 
phases, it is easy to evaluate the transverse and longitudinal modulus of the four laminates using simple isostress or 
isostrain assumptions. Given that the intermetallic compounds have a higher modulus that the metals, it is expected 
that by increasing the time/temperature of processing during diffusion bonding, it may be possible to obtain a higher 
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fraction of intermetallic compounds, which in turn will enhance the moduli of the laminate. In addition, the strong 
metal/intermetallic interface is also expected to result in enhanced strength and strain hardening of the MIL. 
       
  
Fig.4. (a) Load-penetration depth curves for Al, Cu and the three intermetallic phases in MIL-C (b). Hardness and Young’s modulus 
variation across the cross section of MIL-C 
Conclusions 
x Three Al/Cu MILs were processed by diffusion bonding. 
x All three MILs exhibit three intermetallic phases between Al and Cu: of T, K2 and γ2, with latter being 
the majority intermetallic phase. 
x While the overall thickness of the intermetallic layer can be controlled by processing time and 
temperature, the relative fraction of the individual compounds can be controlled by processing time. 
x Nanoindentation studies reveal that the intermetallic compounds have higher hardness and Young’s 
modulus than the metal layers. The γ2 compound has the highest hardness and Young’s modulus. 
x No interfacial cracking was observed during processing or during nanoindentation, suggesting high 
interfacial strength. 
x The high strength and modulus of the intermetallic layers, in conjunction with good interfacial bonding 
between the metal and intermetallic suggests that MILs in the Al/Cu system should possess high 
strength and toughness. 
Acknowledgment 
The authors acknowledge the support of the Networking Resource Center for Materials (NRC-M) at Indian Institute 
of Science, Bangalore for enabling this collaborative work. NRC-M is an initiative of the University Grants 
Commission, Government of India. Dr. K. Sivaprasad acknowledges financial support for this work from Defence 
Research and Development Organization, India under extramural research scheme (Sanction No. ERIP/ ER/ 
1006013/ M/ 01/ 1374)  
References 
Abbasi, M., A. Karimi Taheri, and M.T. Salehi. 2001. “Growth Rate of Intermetallic Compounds in Al/Cu Bimetal Produced by Cold Roll 
Welding Process.” Journal of Alloys and Compounds 319 (1–2) (April 26): 233–241. doi:10.1016/S0925-8388(01)00872-6. 
Berski, S., Z. Stradomski, and H. Dyja. 2007. “Quality of Bimetal Al-Cu Joint after Explosive Cladding.” Journal of Achievements in Materials 
and Manufacturing Engineering Vol. 22 (1) (May): 73–76. 
Bewlay, B. P., J. J. Lewandowksi, and M. R. Jackson. 1997. “Refractory Metal-Intermetallic in-Situ Composites for Aircraft Engines.” JOM 49 
(8) (August 1): 44–45. doi:10.1007/BF02914402. 
715 S.S.M. Kartheek et al. /  Procedia Materials Science  6 ( 2014 )  709 – 715 
Cao, H.C., and A.G. Evans. 1991. “On Crack Extension in Ductile/brittle Laminates.” Acta Metallurgica et Materialia 39 (12) (December): 
2997–3005. doi:10.1016/0956-7151(91)90032-V. 
Durejko, Tomasz, Stanisław Lipiński, Zbigniew Bojar, and Jerzy Bystrzycki. 2011. “Processing and Characterization of Graded 
Metal/intermetallic Materials: The Example of Fe/FeAl Intermetallics.” Materials & Design 32 (5) (May): 2827–2834. 
doi:10.1016/j.matdes.2010.12.041. 
Eizadjou, M., A. Kazemi Talachi, H. Danesh Manesh, H. Shakur Shahabi, and K. Janghorban. 2008. “Investigation of Structure and Mechanical 
Properties of Multi-Layered Al/Cu Composite Produced by Accumulative Roll Bonding (ARB) Process.” Composites Science and 
Technology 68 (9) (July): 2003–2009. doi:10.1016/j.compscitech.2008.02.029. 
Glatz, Wolfgang, and Helmut Clemens. 1997. “Diffusion Bonding of Intermetallic Ti-47Al-2Cr-0.2Si Sheet Material and Mechanical Properties 
of Joints at Room Temperature and Elevated Temperatures.” Intermetallics 5 (6): 415–423. doi:10.1016/S0966-9795(97)00011-3. 
Guo, Yajie, Guanjun Qiao, Wenzheng Jian, and Xiaohui Zhi. 2010. “Microstructure and Tensile Behavior of Cu–Al Multi-Layered Composites 
Prepared by Plasma Activated Sintering.” Materials Science and Engineering: A 527 (20) (July 25): 5234–5240. 
doi:10.1016/j.msea.2010.04.080. 
Hadraba, Hynek, Daniel Drdlik, Zdenek Chlup, Karel Maca, Ivo Dlouhy, and Jaroslav Cihlar. 2012. “Laminated Alumina/zirconia Ceramic 
Composites Prepared by Electrophoretic Deposition.” Journal of the European Ceramic Society 32 (9) (July): 2053–2056. 
doi:10.1016/j.jeurceramsoc.2011.09.004. 
Harach, David J., and Kenneth S. Vecchio. 2001. “Microstructure Evolution in Metal-Intermetallic Laminate (MIL) Composites Synthesized by 
Reactive Foil Sintering in Air.” Metallurgical and Materials Transactions A 32 (6) (June 1): 1493–1505. doi:10.1007/s11661-001-0237-0. 
Hodge, Andrea M., Mukul Kumar, L. Peter Martin, and Geoffrey H. Campbell. 2008. “Intermetallic Layer Formation and Its Effect on the 
Mechanical Behavior of Laminated Ta–Au Composites.” Materials Science and Engineering: A 494 (1–2) (October 25): 276–280. 
doi:10.1016/j.msea.2008.04.016. 
Oliver, W.C., and G.M. Pharr. 2004. “Measurement of Hardness and Elastic Modulus by Instrumented Indentation: Advances in Understanding 
and Refinements to Methodology.” Journal of Materials Research 19 (1) (January): 3–20. 
Peng, X. K., R. Wuhrer, G. Heness, and W. Y. Yeung. 2000. “Rolling Strain Effects on the Interlaminar Properties of Roll Bonded 
Copper/aluminium Metal Laminates.” Journal of Materials Science 35 (17) (September 1): 4357–4363. doi:10.1023/A:1004852806390. 
Rabkin, D. M., V. R. Ryabov, A. V. Lozovskaya, and V. A. Dovzhenko. 1970. “Preparation and Properties of Copper-Aluminum Intermetallic 
Compounds.” Soviet Powder Metallurgy and Metal Ceramics 9 (8) (August 1): 695–700. doi:10.1007/BF00803820. 
 
